The influences of hot air drying (AD), medium-and short-wave infrared drying (IR), instant controlled pressure drop drying (DIC), and vacuum freeze drying (FD) on cell wall polysaccharide modification were studied, and the relationship between the modifications and texture properties was analyzed. The results showed that the DIC treated apple chips exhibited the highest crispness (92) and excellent honeycomb-like structure among all the dried samples, whereas the FD dried apple chips had low crispness (10), the minimum hardness (17.4 N), and the highest volume ratio (0.76) and rehydration ratio (7.55). Remarkable decreases in the contents of total galacturonic acid and the amounts of water extractable pectin (WEP) were found in all the dried apple chips as compared with the fresh materials. The highest retention of WEP fraction (102.7 mg/g AIR) was observed in the FD dried apple chips, which may lead to a low structural rigidity and may be partially responsible for the lower hardness of the FD apple chips. In addition, the crispness of the apple chips obtained by DIC treatment, as well as AD and IR at 90 ∘ C, was higher than that of the samples obtained from the other drying processes, which might be due to the severe degradation of pectic polysaccharides, considering the results of the amounts of pectic fractions, the molar mass distribution, and concentrations of the WEP fractions. Overall, the data suggested that the modifications of pectic polysaccharides of apple chips, including the amount of the pectic fractions and their structural characteristics and the extent of degradation, significantly affect the texture of apple chips.
Introduction
Apple, one of the most cultivated and consumed fruits in China, is a significant part of the human diet. It has been identified as one of the main dietary sources of food antioxidants, mainly due to the phenolic compounds such as flavonoids and phenolic acids. These functional substances may contribute to the nutritional effects; for example, they could reduce risk of cancer, heart disease, and asthma [1] . From the health benefit point of view, a variety of technologies have been applied to develop different types of apple products, including apple juices, purees, and apple chips.
Since drying has been used as an effective method to process apples, a large number of studies have been focused on the qualities of dehydrated apple, such as color, flavor, taste, and texture, as well as nutrition and functionality.
Among these quality aspects, texture is one of the vital organoleptic properties which is closely related to consumer acceptability. Complex physicochemical and biological reactions occur during drying process which could greatly affect the microstructure and texture of material tissues. To be specific, the volume of a material would decline continuously due to the loss of osmotic pressure caused by the evaporation of inner moisture. Additionally, the shrinkage of tissues is also related to the loss of vacuolar pressure and further damage to the integrity of cell wall, thus resulting in textural changes that could play an important role in the quality of dried fruit and vegetable products [2] . Generally, it is recognized that the microstructure and porosity of materials are the most important properties of dried food that affect its texture. Therefore, there are great interests in the development of methods to predict and control the texture of plant-based foods during 2 Journal of Food Quality drying. The correlation between textural properties and the microstructure has also been the subject of many research efforts [3] [4] [5] .
Texture is the result of complex interaction among food components relating to molecular, supramolecular, and the microstructural levels [6] . Plant cell wall and the middle lamella are known to control the way in which plant tissues undergo mechanical deformation and failure during mastication [7, 8] . The plant cell wall is made up of complex polysaccharides, phenolic compounds, and proteins stabilized by covalent and noncovalent (e.g., ionic) linkages. The cell wall of apples is generally depicted as a pectin-rich structure, containing high amounts of rhamnose [9] . Pectin is a complex polysaccharide which generally consists of three domains, that is, homogalacturonan (HG) (smooth region), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) (hairy regions) [10] . The evolution of texture occurs during the processing of plant materials or some physiological events, which are related to the increased solubility of cell wall polysaccharides and the microstructure changes, such as the loss of the integrity in cell wall and middle lamella, changes on cell adhesion, and structural changes on pectin fraction.
Recently, the structural changes on cell wall polysaccharides during drying have also been reported for several fruits. The rehydration property of air-dried broccoli substantially affected by the amount and structure of cell wall pectin polysaccharides was reported [11] . Latorre et al. [12] claimed that microwave treatment modified the structure of cell wall polysaccharides in such a manner that produced an increase in their hydrophilicity. Yi et al. [13] studied the relationship between the modification in composition, structure, and extractability of cell wall polysaccharides and the alteration in volume expansion, microstructure, , and rehydration behaviors, confirming that cell wall polysaccharide played a significant role in the physicochemical and physical properties of pitaya fruit chips. During sun-drying process, the molecular size distribution of water extractable pectin was affected by the degradation of arabinogalactan and arabinan side chains [14] . However, the impact of structural modification of cell wall polysaccharides on the texture of dehydrated fruits and vegetables is still obscure. A better understanding of the biochemical changes occurring during drying, and how these changes are related to texture variation, is expected to lead ultimately to a better process control and final product quality, valorisation, and acceptance.
The objective of this study was to investigate the effects of four different drying methods on the characteristics of cell wall polysaccharides of apple chips and to study the relationship between cell wall polysaccharides and texture of apple chips.
Materials and Methods

Sample Preparation.
Apples (Malus pumila Mill var. Qin) were bought from the Xiaoying market in Beijing. Moisture content of fresh apple was 7.0 ± 0.3 kg/kg d.b. The peel was removed from the apples and they were cut into slices with 10 mm thickness and 20 mm diameter uniformly.
Methods
Drying Methods.
Hot air drying (AD) was carried out using a convective dryer (DHG-9203, Yiheng Technical Co. Ltd., Shanghai, China). The dryer was loaded with 750 g (6.79 kg/m 2 ) of apple slices that were spread on a tray in single layer. The samples were flipped over during drying to avoid sticking to the tray and allow equal dehydration from all sides. Fresh apple slices were dried at 60 ∘ C, 75 ∘ C, and 90 ∘ C, respectively.
Infrared drying (IR) was operated using a laboratory medium-and short-wave infrared dryer (STC-5, Senttech Infrared Technology Co. Ltd., Jiangsu, China). The dryer consists of three infrared lights with powers of 0.48, 0.60, and 0.90 kW and wavelengths of 3.15, 3.10, and 1.40 m, respectively. The samples were dried at 60 ∘ C, 75 ∘ C, and 90 ∘ C, respectively. The power density of IR process was 1.8 KW/kg, the air velocity was 2.11 m/s, and the distance from the emitters to the sample tray was 12 cm. For AD and IR drying, the moisture at equilibrium was measured when the weight of samples became constant. In this study, the drying times were 450 min, 300 min, and 250 min for AD at 60, 75, and 90 ∘ C, respectively, and 200, 120, and 100 min for IR at 60, 75, and 90 ∘ C, respectively.
Freeze drying (FD) was conducted using an experimental freezing dryer (Alphal-4L plus, Christ Col, Osterode am Harz, German) with a drying area of 0.42 m 2 . Before freeze drying, the apple samples were prefrozen at −80 ∘ C for 12 h and then freeze-dried for 15 h [16] . The pressure was around 0.12 mbar with the condenser temperature of −56 ∘ C. The heating plate temperature was 35 ∘ C.
Instant controlled pressure drop (French: Détente Instantannée Contrôlée, DIC), also known as explosion puffing drying (EPD), was developed since 1988 [17, 18] . Prior to DIC treatment, samples were predried by AD at the same condition as the abovementioned AD drying. Apple chips were predried to the moisture content of 0.3 kg/kg w.b. by hot air drying at 70 ∘ C. After predrying, the samples were tightly wrapped in polyethylene bags and equilibrated in a thermostatic chamber at 20 ∘ C for 24 h. The above equilibrated semidried samples were removed to an experimental DIC dryer (QDPH10-1, Tianjin Qin-de New Material Scientific Development Co. Ltd., Tianjin, China), which was depicted in a previous study [13] . Prior to DIC treatment, the samples were equilibrated at 90 ∘ C for 10 min under the atmospheric pressure. Meanwhile, the vacuum tank was evacuated to approximate 3 kPa, producing enough vapor pressure, thus contributing to the expansion of the apple slices during the next stages of DIC drying. Then, the snuffle valves were opened to obtain an abrupt pressure drop to vacuum (around 3 kPa) in the treatment chamber, namely, instant pressure drop. Then, the apple slices were dried under a continuous vacuum at 65 ∘ C for 2 h. Each drying process was performed in triplicate. [17] and the crispness is characterized by the number of peaks [20] . Twelve measurements were performed for each treatment.
Volume Ratio (VR) and Rehydration Ratio (RR).
The VR was measured using quartz sand displacement method [21] . VR was evaluated as volume change of apple cylinders affected by drying methods. The VR of dried apple chips can be determined by
where 0 and are the initial and dried sample volumes, respectively.
The RR of dried products is one of important indications for the occurrence of physical and chemical changes during drying process due to drying conditions, pretreatment, and sample composition [22] . Five grams of dried samples was put in 50 mL distilled water in 250 mL beaker. Samples were taken out after 2 h and filter papers were used to wipe the excess water on the surface of the samples. The weights of the samples were recorded before and after rehydration. The RR was calculated according to
where 0 and are the initial and dried sample weights, respectively.
Scanning Electron Microscopy (SEM).
Microstructure characterization was performed using a scanning electron microscope (SEM S-570, Hitachi Ltd., Tokyo, Japan) at 150 kV accelerated voltage and 10-15 mm working distance. The microstructure of the samples was magnified 50 times.
Extraction of Cell Wall Polysaccharides and Fractionation.
The cell wall polysaccharides of dried apple slices, namely, alcohol insoluble residue (AIR), were prepared following the procedure described by Gwanpua et al. [23] . About 30 g of dried apple chips was weighed and homogenized in 180 mL of 95% ethanol using a mixer (Joyoung Co. Ltd., Shandong, China). The residue was filtered and resuspended in 90 mL of 95% ethanol. The insoluble cell wall fraction was washed with 90 mL of acetone and filtered. To obtain AIR, the suspension was dried at 40 ∘ C for 36 h. AIR fractionation was performed according the procedure of Christiaens et al. [24] . For water extractable pectin (WEP), 1.0 g AIR samples were weighed exactly and suspended in 180 ml boiling water for 5 min. The solution was cooled and filtered using a filter paper (Machery-Nagel, MN615, 90 mm) and then adjusted to 200 mL with distilled water. The residue was further fractionated in 180 mL, 0.05 mol/L cyclohexane-trans-1,2-diamine tetraacetic acid (CDTA) in 0.1 mol/L potassium acetate (PH 6.5) for 6 h at 28 ∘ C in a shaking water bath. The solution was adjusted to 200 mL with distilled water, which was labeled as CDTA extractable pectin (CEP). The residue was sequentially incubated in 180 mL 0.05 mol/L Na 2 CO 3 containing 0.02 mol/L NaBH 4 and stirred for 16 h at 4 ∘ C. The solution was filtered and the filtrate was adjusted to 200 mL. The filtration of the suspension was designated as Na 2 CO 3 extractable pectin (NEP). All extracts were filtered, dialyzed exhaustively in distilled water, and finally lyophilized [25] . The samples were stored in a desiccator over P 2 O 5 .
2.2.7.
Galacturonic Acid (GalA) Content. The AIRs and the corresponding fractions obtained thereof (WEP, CEP, and NEP) were first hydrolyzed using concentrated sulfuric acid (95-98%) according to the method described by Ahmed and Labavitch [26] . GalA contents of the hydrolyzates were measured by a colorimetric hydroxyl-phenyl-phenol method using a UV/Vis spectrophotometer (UV1800, Shimadzu, Kyoto, Japan) at 520 nm, according to the procedure by Blumenkrantz and Asboe-Hansen [27] . The GalA content measurement was conducted in triplicate.
Degree of Methoxylation (DM).
The DM of the fractions of the AIR fractions were calculated as the ratio of the molar amount of methoxy groups to the molar amount of GalA content and expressed as a percentage. Before the measurement of the concentration of methanol, 20 mg of each dried AIR faction was weighed and was first hydrolyzed according to the description of Ng and Waldron [28] . The amount of methanol was spectrophotometrically determined by the method of Klavons and Bennett [29] . Determination of DM was conducted in triplicate.
Neutral Sugar Composition.
Analyses of neutral sugars including fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), and xylose (Xyl) were performed using the method described by Njoroge et al. [30] . Five grams of lyophilized AIR fractions (i.e., WEP, CEP, and NEP) was hydrolyzed with 0.5 mL 4 mol/L trifluoroacetic acid for 1.5 h at 110 ∘ C. After cooling and evaporation of the trifluoroacetic acid, samples were diluted with demineralized water to a concentration of 1 mg/mL. Quantification of the neutral sugars of the fractions was performed via high-performance anion exchange chromatography (HPAEC) using a Dionex Bio-LC System including a quaternary gradient pump (Dionex Bio-LC System, Dionex Co., Sunnyvale, CA, USA). An ED 50 electrochemical detector equipped with a gold electrode was used in the pulsed amperometric detection mode, performing a quadruple potential waveform. After equilibration of the system for 5 min with 100 mmol/L NaOH and 5 min with 4 mmol/L NaOH, the diluted hydrolyzate (10 L) was eluted at 30 ∘ C on a CarboPac PA20 column (Dionex) with 4 mmol/L NaOH at a flow rate of 0.5 mL/min. Thereafter, column wash was performed for 10 min with 500 mmol/L NaOH. Commercial neutral sugar standards were used for identification and quantification. Correction for degradation of monosaccharide during acid hydrolysis was performed by the estimation of recovery values [31] . Measurement of neutral sugar compositions was conducted in duplicate.
Molecular Mass Distribution. Molar mass analysis
was performed according to the method described by Yang et al. [32] . Dialyzed and lyophilized fraction (3.0 mg) was dissolved in 1 mL of 0.1 mol/L 4-morpholineethanesulfonic acid monohydrate buffer solution (MES), pH 6.5, containing 0.1 mol/L NaCl. Molar mass distribution was determined using a high-performance size exclusion chromatography (HPSEC) coupled with multiangle laser light scattering (Malls, Dawn-EOS, Wyatt Tech. Co., Santa Barbara, USA) and refractive index (RI) detector (OptiLab-DSP, Wyatt Tech. Co., Santa Barbara, USA). The abovementioned solution sample (100 L) was injected and separated by a TSK-Gel G3000SW XL column (7.8 mm × 300 mm) (Tosoh Co., Tokyo, Japan), eluting with 0.1 mol/L MES buffer (pH 6.5) containing 0.1 mol/L NaCl at flow rate of 0.45 mL/min at 35 ∘ C. RI intensity and light scattering intensity at different angles were used to calculate cell wall polysaccharide concentration and molar mass distribution, respectively [33] .
Statistical Analysis.
Statistical analysis of the experimental data was conducted by using SPSS Statistics (Version 17.0, SPSS Inc., Chicago, USA), applying one-way analysis of variance (ANOVA) and Duncan's multiple range tests. Significant differences were defined at < 0.05.
Results and Discussion
Physicochemical Properties.
The effects of drying methods and drying temperature on hardness, crispness, water content, volume ratio (VR), and rehydration ratio (RR) of dried apple chips are presented in Table 1 . The moisture contents of the samples dried under different conditions ranged from 5.03 to 8.30 × 10 −2 kg/kg d.b. The hardness of the apple chips was reduced and the crispness was increased as rising of the drying temperature of AD and IR process; such behavior was reported in few similar studies regarding constant temperature drying of bulbus of Tulipa edulis [34] and air drying of bell pepper [35] . FD dried samples had the minimum value in hardness (17.4 N) and low crispness (10) . Several earlier studies also reported that samples produced using hot air drying were characterized as having higher hardness when compared to freeze drying ( [36] , Giri et al. 2006 ). This phenomenon was probably because higher temperature accelerates removal of water from the tissues, but also results in case hardening [37] . Besides, the capillary force which causes water removal and loss of turgor pressure in the cell during HAD resulted in more severe shrinkage than in the process of FD, during which process the material was frozen and the structure became more rigid without collapse [36] . It is worthy to note that the DIC treated apple chips represented the highest crispness value (92) and a modest hardness value (44.4 N). Conversely, the highest hardness (86.9 N) and lowest crispness (4) were observed in the treatment of AD 60 ∘ C. This might be attributed to the hard and dry crust formed in the surface area and the shrinkage of the tissue, due to the rate of inner water transferring to the surface being limited during AD at 60 ∘ C. The volume ratio (VR) of the samples dried by all the selected drying methods is smaller than 1.0, suggesting that all of the drying processes would lead to shrinkage for apple slices. The VR of the FD dried samples (0.76) was the highest, followed by the DIC finished samples (0.31), and the samples dried by AD at 60 ∘ C and IR at 60 ∘ C had the lowest VR, which were both 0.19. The highest VR of the FD dried samples may be due to the maintaining of freezing or solid state of the samples throughout the FD process. During FD process, the ice was sublimated in the vacuum and frozen condition; then the homogeneous voids were left within the structure [38] . As expected, the VR of the DIC treated samples was significantly smaller than that of the FD dried samples. However, for the DIC treatment, though the compact structure could be substantially expanded after instant pressure drop, it still cannot compromise the shrinkage that occurred during the stage of hot air predrying (Mounir et al. 2012) , because the cellular structure of the materials and the rigid cell wall networks supporting the plant tissue might be irreversibly damaged by the predrying treatment. On the other hand, during the cooling period of DIC treatment, slight shrinkage may occur due to the viscoelastic behavior of the material. Generally, during the stage of dropping in temperature of DIC drying, the material evolved from high temperaturehigh moisture state towards a low temperature-low moisture state; then, the state of the product could transfer from rubber state to vitreous state [39] ; as a result, the new expanded structure can be maintained during the following vacuum drying [40] . Both the VR of the apple chips dried by AD and IR were lower than those of FD and DIC treated samples, and no significant differences in VR were observed between the samples dried by AD and IR at the same temperature. In addition, the VR of the apple chips dried by AD or IR showed an increasing trend with increasing of drying temperature. The smaller shrinkage for apple slices that dried at relatively higher temperature might be ascribed to the fact that apple slices took a shorter time for drying as the temperature and water diffusivity were high [41] .
The rehydration ratio (RR) of the FD dried apple chips was 7.55 (Table 1) , which was significantly higher than that of the samples dried by the other drying methods, followed by that of DIC samples (5.48). The fact that higher RR was found in the FD and DIC dried samples was due to the homogenous porous structure and big specific surface area of the samples, which allowed a large amount of water molecules to be absorbed during rehydration [42] . The AD and IR dried apple chips showed the minimum of RR, which ranged within 4.56-4.99 and 4.82-5.08, respectively. This could be explained by the hard crust on the outer layer and smaller number of pores inside the samples. Unlike VR, the RR of the samples dried by AD and IR showed a trend that it decreased with increase of the drying temperature.
3.2.
Microstructure. The microstructure of dried apples produced by different drying methods was observed by scanning electron microscope to further analyze the texture characteristic of the dried apples chips (Figure 1 ). There was no pronounced difference between the microstructures of the 6 Journal of Food Quality AD and IR dried samples at the same drying temperature. As the white circles point in Figures 1(a) and 1(d), among these samples, dense areas were observed in the apple chips dried by AD at 60 ∘ C and IR at 60 ∘ C, revealing significant collapse of tissues after the drying process, thus expecting harder texture and lower RR for these samples. With increasing of the drying temperature for AD (Figures 1(a)-1(c) ) and IR (Figures 1(d)-1(f) ) process, typical porous structure was formed apparently, which could be attributed to the enhanced waterremoving rate at the elevated temperature. Moreover, obvious honeycomb-like network and superior porous structure were observed in both the FD and DIC treated samples, pointing to limited shrinkage for the cellular and tissue structure of the apple slices. In addition, it is suggested that the differences in the microstructure of the apples derived from various drying methods could be related to the modification of its chemical constitution and functionality of middle lamella, affecting cellular adhesive properties [43] and thus the texture of the dried apple chips.
Galacturonic Acid Contents.
As GalA is dominant pectic saccharide in the AIR of apple; the amount of GalA found in AIR was estimated to evaluate the amount of pectin in each fraction of AIR. Table 2 summarizes the amount of GalA in different fractions (WEP, CEP, and NEP) of the apple chips dried by various methods. The contents and proportions of WEP, CEP, and NEP varied from drying methods and drying conditions ( < 0.05). The contents of the WEP, CEP, and NEP extracted from the fresh apples were 112.7 mg/g AIR, 32.0 mg/g AIR, and 73.4 mg/g AIR, respectively. The contents of the total GalA and WEP of the dried samples (126.9-203.4 mg/g AIR, 33.8-102.7 mg/g AIR) were lower than those of the fresh samples (218.1 mg/g AIR, 112.7 mg/g AIR), while the amount of the CEP fraction was higher. The deviation in total GalA might be partially due to the conversion among different fractions of pectin during the different drying process. In addition, it is supposed that the ratio or efficiency of pectin extraction could be affected by the differences of the microstructure of the apple chips, illustrated above (Figure 1 ).
The amount of WEP for AD and IR dried samples decreased with increasing of drying temperature, while the CEP contents increased. This might be explained by the fact that leaching of WEP occurred with certain amount of fluid flowing out of the tissue during the drying process or partially converted into CEP fraction. The amount of WEP of the apple chips dried by AD at 90 ∘ C, IR at 90 ∘ C, and DIC significantly decreased compared with the fresh samples. This was consistent with the result that degradation of WSP and leaching occurred in the drying process with high temperature [44] . The decrease of cell wall macromolecules, for example, pectic polysaccharides, might lead to decrease in of the matrix [45] . For the DIC treated sample, the drying temperature was higher than ; therefore, the apple slices entered a viscoelastic state (Welti-Chanes et al. 1999) during the equilibrium process. Due to the high viscoelasticity and plasticity, porous structure was formed when instant pressure drop treatment was introduced. With the moisture content decreased, the products changed from rubbery state to glassy state [39] , contributing to the preservation of the expanding and porous structure, thus resulting in superior porous microstructure. In addition, relatively low amount of WEP was found in the DIC treated sample, implying that limited amount of soluble pectin existed for this sample. This could be in favor of cell separation during expansion [46] . The FD dried apple chips exhibited the highest content of WEP fraction (102.7 mg/g AIR) among the selected drying methods. The apple slices were quickly frozen before sublimation, and the matrix stayed in frozen or solid state throughout the FD process. Consequently, the leaching of WEP was avoided during the FD process, and the WEP fraction was well retained, whose amount is comparable to the fresh samples. The relatively high amount of WEP in the FD dried sample might partially contribute to the low mechanical strength and the minimum hardness of the products. This may be due to the fact that the WEP is generally made up of high esterified pectic polymers, loosely bound to the cell wall through noncovalent and nonionic bonds, and it could be one of the explanations that FD apple chips presented the highest rehydration ratio [30] . 
Degree of Methoxylation.
The DM of pectin, a key functional parameter, was estimated as the ratio of the molar amount of methanol groups to the molar amount of GalA. The DM affects the hydrogen bonding between pectin molecular interactions and might also influence the texture of dried fruits and vegetable. The DM of the WEP, CEP, and NEP fractions are represented in Table 3 . Generally, the DM of the WEP fraction was the highest (59.7%-80.8%), followed by the CEP fraction (17.5%-43.4%) and NEP fraction (0.1%-5.0%). This observation was corresponding to the fact that the NEP was extracted from the AIR using aqueous Na 2 CO 3 , a reagent that broke various types of ester linkages [47] . It was found that the DM of the WEP fraction increased with increasing of the temperature for AD and IR. This might be ascribed to the inactivation of pectin methylesterase at higher temperature; thus de-esterification was limited at drying temperature of 75 ∘ C and 90 ∘ C compared with drying at 60 ∘ C. On the contrary, the DM of the CEP fractions displayed an opposite trend. It could be due to the consequence of deesterification of the WEP fraction, which might be partially cross-linked with free divalent ionic and thus transferred to CEP factions. In addition, CEP fractions with low DE would contain more carboxyl groups, with higher amount of crosslinking with metal ions such as Ca 2+ [48] , and such effects could contribute to the rigidity of the microstructure of apple chips. This could be a partial explanation for the fact that the crispness of the apple chips obtained by AD at 90 ∘ C, IR at 90 ∘ C, and DIC was higher than that by the other drying methods, and vice versa for the hardness.
Sugar Ratio.
Pectin is a kind of cell wall polysaccharide that mainly consists of a linear chain of covalently linked galacturonic acid. Various amounts of neutral sugars are attached to these regions as side chains, including fucose, rhamnose, arabinose, galactose, and xylose. Based on the amount and linkage types of side chains, pectin is generally described as homogalacturonan (HG), rhamnogalacturonan-I (RG-I), and rhamnogalacturonan-II (RG-II) [10] . In general, HG is composed of a linear chain of (1,4)-linked-Dgalacturonic acid. RG-I consists of repeats of disaccharide (1,2)--L-rhamnose-(1,4) --D-galacturonic acid. RG-II is a branched pectic domain containing an HG backbone. The use of "sugar ratios" can help to interpret the sugar information on the polymeric level. Sugar ratios 1, 2, and 3 are formulated specifically for pectin, assuming a linear pectin structure, in which the backbones of RG-I and RG-II are continuous with the linear HG structure [49] . As shown in Table 4 , the amount of GalA to neutral sugars in side chains (sugar ratio 1) can be an indication for the linearity of pectin; sugar ratio 2 is embodied by the ratio of Rha to GalA, a measurement for the contribution of RG to the entire pectin population. The proportion of RG-I side-chain sugars to Rha (sugar ratio 3) is indicative for the extent of branching of RG-I [15] . The linearity of the WEP and CEP fractions of the fresh samples was 13.62 and 26.63, respectively. The linearity of the WEP of the dried apple slices was lower than that of the fresh samples, and the opposite was found in the CEP fractions. Meanwhile, in the case of AD and IR dried samples, the linearity of the WEP decreased with increasing of the temperature, while CEP showed the opposite trend, implying fraction on the WEP backbone and side chain of the CEP fractions. In addition, based on the fact that the amount of WEP fraction was reduced after drying, it is speculated that significant degradation of the pectic polysaccharides occurred during drying process, and these residues with small molecular mass might not be included in the WEP fraction after extraction process. It can be observed that the sugar ratio 2 of the WEP, CEP, and NEP fraction from all of the samples was small, ranging from 0.01 to 0.04, indicating that the proportion of RG is small for apple pectic polysaccharides. The WEP exhibited the highest extent of RG-I branching (sugar ratio 3) among all the pectic fractions, ranging from 6.87 to 10.31, indicating that the WEP fractions were loosely bound to the cell wall and thus were extracted by a relatively moderate condition. Note. Sugar ratio 1 = GalA/(Fuc + Rha + Ara + Xyl), representing the linearity of pectin; sugar ratio 2 = Rha/Gala, representing the contribution of RG to pectin population; sugar ratio 3 = (Ara + Gal)/Rha, representing the branching of RG-I [15] . of CEP fractions were low; thus the data were not shown. The elution times of the WEP fractions of the fresh samples and FD dried chips (around 15.5-15.7 min) were generally shorter than those of the AD, IR, and DIC dried samples, suggesting that the molar mass of WEP fraction from fresh and FD dried samples was higher than that from other samples. The data corroborated that limited degradation and de-esterification occurred during FD drying process, which contributed to its higher amount of water extractable pectic polysaccharides with high DM (Tables 2 and 3) . Interestingly, peak shifting to longer elution times in the WEP fractions was observed with increasing of the drying temperature for AD and IR process, together with the apparent decrease in the concentrations of the samples. It implied that the extent of cell wall polysaccharide degradation was raised correspondingly. Moreover, the elution times of the peaks for AD dried products were generally longer than those of the IR dried chips at the same drying temperature. The corresponding concentrations of the AD dried products were generally lower than those of the IR dried products, which was consistent with the results of the amounts of WEP fraction (Table 2) . This phenomenon might be attributed to the longer drying time for the AD process compared with IR process when performed at the same drying temperature. For the DIC treated apple chips, significant decrease in molar mass was also found. The modifications in cell wall polysaccharides could affect the physicochemical and physical properties of the apple chips. Firstly, the occurrence of polysaccharide depolymerization and the modification of cell wall polysaccharide intermolecular interactions (Table 2) suggested that cell wall polysaccharide network might be disorganized and misaligned to certain extent due to the drying process. This might damage the integrity of the primary cell wall and/or middle lamella of apple slices, leading to the decrease in the strength of intercellular adhesion. Consequently, the reduction in intercellular adhesion strength might be in favor of tissue/cell separation and reduce the internal structural resistance for volume expansion during instant pressure drop treatment or AD and IR drying at elevated temperature, that is, 90 ∘ C. This, consequently, could contribute to a more porous microstructure as well as a crispier texture for the apple chips. Secondly, polysaccharide degradation could provide higher amounts of pectic residues with smaller molecular mass, leading to a better hydrophilicity for cell wall polysaccharides, which was a partial explanation for the improvement of rehydration rate and capacity. This was in good agreement with the report of Latorre et al. [12] , who found that the modification of cell wall polysaccharide structure induced by microwave drying led to a significant increase in the hydrophilicity of cell wall polysaccharide. In addition, the superior porous microstructure in the DIC treated samples, as well as the AD and IR (90 ∘ C) dried sample, could facilitate a faster capillary suction during immersing, which was another reason for their superior rehydration properties (Table 1) . On the other hand, cell wall polysaccharide depolymerization produced chemical residues with smaller molecular mass, which could increase the molecular mobility of a system, thus decreasing the glass transition point ( ) of the matrix. Moreover, the damage and misalignment of cell wall polysaccharide network might liberate part of structural polysaccharides from cell wall, which could also increase molecular mobility and contribute to decreasing , and these effects might bring adverse effects for volume expansion. Overall, data from the results of the texture and microstructure (Table 1 and Figure 1 ), as well as the amount of pectic fractions, DM, and the sugar ratios (Tables 2, 3 , and 4) suggested that the modifications of cell wall polysaccharides induced by the drying process significantly contributed to the final texture of apple chips.
Molar Mass Distribution.
Conclusions
Apple chips were produced by AD, IR, FD, and DIC, respectively. The influences of the modification in the extractability, composition, and structure of cell wall polysaccharide induced by various drying processes on the volume expansion, microstructure, rehydration behavior, and so on suggested that cell wall polysaccharides modification played a significant role in the texture properties of the apple chips. The amounts and structural properties of the WEP and CEP fractions obviously related to the texture properties of the dried samples. Based on the data, the apple chips exhibited higher crispness and better microstructure when there was less amount of WEP fraction, which might be partially attributed to depolymerization and leaching of the pectic polysaccharides. Cell wall polysaccharide degradation was in favor of volume expansion during instant pressure drop treatment, as well as AD and IR drying at elevated temperatures, consequently, contributing to a superior porous structure and crispier texture. Since cell wall polysaccharides are a nonnegligible factor affecting the formation and hardening of the porous structure for dried products, the influences of cell wall polysaccharide modification during different stages of drying process, for example, pretreatment, predrying, DIC, and final drying, on texture evolution can be better understood by further study using model system.
Additional Points
Practical Applications. Nowadays, a rapid increase in the fruit and vegetable chips is witnessed because of their health benefits. Instant controlled pressure drop drying (DIC) is one of the available industrial technologies for producing fruit and vegetable chips. Currently, apple chips are the main products in the Chinese market due to their crispy texture and pleasant flavor. However, the texture of apple chips is unstable during industrial manufacturing due to limited information about the fundamentals of texture evolution, which, except for the final microstructure and moisture content, is supposed to be related to pectic polysaccharides. Therefore, better understanding of the relationship between the texture of apple chips and the modification of pectic polysaccharides could be helpful to guarantee excellent crispy texture of the products.
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